Abstract: A 1-dB Q-factor improvement through optical phase conjugation in a silicon waveguide with a lateral p-i-n diode enables BER<HD-FEC after 644-km dispersion-compensated transmission for all channels of a 5xWDM 16-QAM single-polarization signal.
Introduction
The need for achieving higher spectral efficiencies and data rates driven by the growth of bandwidth demand pushes the limit of a transmission system against the barrier posed by Kerr nonlinearity. In order to maintain the high optical signal-to-noise ratio (OSNR) required by a high-order modulation formats throughout the transmission, higher launch power is required, with the consequent onset of nonlinear signal distortion caused by the Kerr effect in the transmission fiber. Both digital and optical techniques have been investigated to either compensate or mitigate such a distortions. While digital techniques such as digital backpropagation and perturbation-based techniques provide unquestionable benefits, the requirements on the transceiver bandwidth limits their practical use to single-channel operation. Alternatively, all-optical approaches, such as optical phase conjugation (OPC), are more suited to tackle inter-channel interaction. Significant benefits of OPC on improving system performance have been reported in a number of demonstrations in the past years [1] [2] [3] [4] [5] [6] . These demonstrations have mainly relied on providing OPC through either four-wave mixing (FWM) in a highly nonlinear fiber (HNLF) [1] [2] [3] [4] or cascade second-order effects in periodicallypoled lithium niobate (PPLN) [5] .
Moving to an integrated platform, which may increase the tolerance to the stimulated Brillouin scattering (SBS) compared to HNLFs and provide easier dispersion engineering and thus bandwidth, would be strongly beneficial for the future deployment of such a technology. A first attempt at providing nonlinearity compensation through OPC in a silicon waveguide was recently reported [6] . However, the impact of two-photon absorption (TPA) and consequent free carrier absorption (FCA) resulted in a poor conversion efficiency (CE) which limited the achievable optical signalto-noise ratio (OSRN) of the conjugate signal and, in turn, enabled increased nonlinear tolerance but no Q-factor improvement at the optimum launched power compared to straight transmission.
In this work, we demonstrate compensation of fiber Kerr nonlinearity through OPC using a silicon nano-rib waveguide with a lateral p-i-n diode as a nonlinear medium [7, 8] . The p-i-n diode enables suppression of FCA in the OPC module, which has previously limited the achievable performance improvements in demonstrations [6] . The nonlinearity compensation allows receiving 5-wavelength division multiplexed (WDM) 16-quadrature amplitude modulated (QAM) single-polarization channels with performance better than the hard-decision forward error correction (HD-FEC) threshold after 644-km dispersion-compensated transmission, performance not achievable in straight transmission.
Samples characterization
The silicon waveguide used in this work has been fabricated in the BiCMOS pilot line of IHP GmbH. The waveguides are manufactured on silicon-on-insulator (SOI) wafers with 220-nm top silicon layer and the 2 μm buffer oxide, patterned and etched to provide nano-rib waveguide with a width of 500 nm and a slab thickness of 100 nm. The waveguide is 4 cm long and has a lateral p-i-n diode with a separation of the p and n regions of 1.2 μm [7] . The total linear insertion loss of the waveguide (fiber-to-fiber) is 13.4 dB for 40-V reverse-bias applied to the diode, of which 4.8 dB are due to each of the fiber grating couplers, leading to a linear propagation loss of 0.96 dB/cm. The grating couplers are currently polarization sensitive, therefore limiting this demonstration to single-polarization signals. This might be overcome by using a coupling scheme that can accept both TE and TM polarizations [9] . The nonlinear properties of the waveguide are shown in Fig. 1(a) and 1(b) where the FWM input-to-output conversion efficiency (CE, defined as the power of the idler at the output vs. input signal power) is reported for a single continuous-wave (CW) pump coupled into the waveguide together with a weak CW signal. The CE is measured for 978-1-943580-38-5 © 2018 Optical Society of America different pump powers ( Fig. 1(a) ) at a constant bias (40 V) and for different bias voltages at a constant pump power (26 dBm) ( Fig. 1(b) ). The FWM bandwidth is approx. 10 nm and by increasing the pump power from 23 dBm to 26 dBm ( Fig.1(a) ), the CE increases 3.7 dB. On the other hand, by changing the bias voltage at 26-dBm pump power, the CE improves by 5.9 dB. The maximum obtained input-to-output CE was measured to be -19.2 dB. 
System experiment
The transmission testbed used to evaluate the performance of the OPC module based on the Si waveguide is shown in Fig. 2 . The WDM 16-QAM transmitter is based on five 25-GHz spaced external cavity lasers (ECLs) modulated at 16-GBd in two IQ modulators driven by an arbitrary waveform generator (AWG) and individually decorrelated. The single-polarization WDM channels are polarization aligned and injected in a recirculating fiber loop. The transmission is based on three dispersion-compensated spans with erbium-doped fiber amplifiers (EDFAs) for a total loop length of 161 km.
The OPC module based on the silicon waveguide is positioned within the loop and switches enable selecting either the OPC path or a parallel path consisting of an EDFA and a gain flattening filter (GFF). At the OPC stage, the WDM signals are amplified, band-pass filtered and vertically coupled together with a strong pump from an additional ECL into the Si waveguide. Pump and signals are polarization-aligned for maximum CE and their power levels have been optimized to minimize the penalty from the conversion in back-to-back (no transmission) conditions. The back-toback bit error ratio (BER) with and without OPC of the central WDM channel is shown in Fig. 1(c) as a function of the received OSNR varied by adding amplified spontaneous emission (ASE) noise at the receiver input. A pump power of 25 dBm and 40-V reverse bias were sufficient to lead to an input-to-output CE of -19.5 dB (output-to-output CE of -6 dB, Fig. 3(a) ) and the input signal power was set to 8.5 dBm leading to a maximum receiver OSNR of 34 dB and an OSNR penalty below 0.5 dB (see Fig. 1(c)) .
After a total of four loop turns (644 km), the WDM channels are sent to a single-polarization coherent receiver. The digitized signals are processed by off-line digital signal processing consisting of down-sampling, low-pass filtering, blind radius directed equalization (RDE), phase recovery and BER counting. The nonlinearity compensation is evaluated by comparing the performance of the straight 644 km transmission to the performance obtained employing mid-link OPC, i.e., positioning the OPC stage at 322 km. The Q-factor (derived from the BER) of the central WDM channel is shown in Fig. 3(b) as a function of the launched power (varied by the EDFAs at the input of each span) for both straight and OPC-based transmission. In the linear regime, no difference in performance is visible between straight and OPC-based transmission, confirming the low-penalty operation of the OPC already highlighted in Fig. 1(c) . At the optimum launch power (increased by 2 dB for the OPC-based transmission), the presence of the OPC provides a 1-dB improvement in Q-factor. Additionally, (Fig. 3(c) ) shows the performance of all the channels at optimum launch power (-8 dBm for straight and -6 dBm for OPC-based transmission). While only one channel (194.66 THz) can achieve performance better than the HD-FEC threshold in straight transmission, the improvement provided by the OPC enables all of them to reach a Q-factor above the HD-FEC threshold, thus proving the effectiveness of the Si waveguide based OPC module. The difference in performance among the channel is due to residual gain tilt in the transmission EDFAs. 
Results

Conclusions
We presented an OPC module based on a silicon nano-rib waveguide with a reverse-biased lateral p-i-n diode. The decreased free carrier effects, owing to the diode, enabled a demonstration of high-quality optical phase conjugation using the silicon waveguide. Nonlinearity compensation provided by the OPC resulted in 1-dB Q-factor improvement in a 5×16-GBd 16-QAM dispersion compensated transmission over 644 km. This Q factor enhancement allowed for receiving all five tested channels with a bit-error-ratio (BER) below HD-FEC. 
